. Other weaker ( Figure 1D ). Radial glial fibers express erbB4 precisely during the period of granule cell migration. studies suggested that NRG may play a role in neuronglia interactions in the central nervous system as well erbB4 expression in the radial glia was high from P0 to P12, but it was practically absent by P19, after migration (Pinkas-Kramarski et al., 1994; Vartanian et al., 1994; Canoll et al., 1996) . In the cerebellum, NRG mRNA is is complete ( Figure 1B) . As with NRG, the pattern of expression of erbB4 in the adult changes; the receptor expressed by migrating granule cells, and NRG expression in the cerebellum is mostly restricted to the period is expressed mostly by mature granule cells (not shown).
The expression of erbB4 in the developing cerebellum of neuronal migration (Corfas et al., 1995) . Based on these precedents, we studied the role of NRG in the was confirmed by Western blot ( Figure 2F ). We could not detect erbB2 or erbB3 expression in the Bergmann interactions between granule cells and cerebellar glia in the developing cerebellum. We demonstrate here that glia by immunohistochemistry and in situ hybridization (not shown). during the period of cerebellar granule cell migration, NRG is expressed by cerebellar granule cells while
The expression of NRG by migrating granule cells and erbB4 by the radial glial fibers suggested to us that this erbB4 is expressed by the Bergmann glia. We also show that NRG-erbB receptor signaling in glia is necessary ligand-receptor pair may mediate interactions between these cells during neuronal migration. for several steps in the neuronal migration program: NRG-erbB receptor signaling is necessary and sufficient for the neuronal induction of radial glia morphology and Expression of NRG and erbB4 in the Cerebellar is also critical for the migration of granule cells along glial Cells in Culture fibers. These results suggest that NRG and its receptors
To study possible roles of NRG as an inducer of the play a critical role in neuron-glia interactions and neuneuronal migration program, we adapted a previously ronal migration in the developing cerebellum.
developed in vitro system to study granule cell-astroglia interactions and neuronal migration (Hatten, 1985; Edmondson and Hatten, 1987) .
Results
First it was necessary to determine whether the expression of NRG and erbB4 was appropriately mainExpression of NRG and erbB4 in the tained when the cerebellar cells are placed in culture.
Developing Cerebellum
We generated pure cultures of cerebellar granule cells We first analyzed the pattern of expression of NRG and and astroglia using Percoll gradients and panning as erbB receptors in the developing cerebellum. During the described by Hatten (1985) . In these cultures, we found period of granule cell migration, NRG is expressed by that, as in vivo, purified granule cells express NRG (Figthese neurons, and the expression is evident at every ures 2A-2C), and purified astroglia express erbB4 (Figstep of their migration. At P0, when most granule cells ures 2D and 2F). NRG immunoreactivity in granule cells are in the EGL, all neurons in the EGL are labeled, includwas localized to the neurites and cell body (Figures 2A ing the proliferating and the premigratory cells (Figure and 2B) . As granule cells mature in culture, NRG is down-1A). At P6, when migration is at its peak, labeled granule regulated (not shown); this parallels the down-regulation cells can be found in the EGL, the IGL, and while migratof NRG expression in granule cells in vivo. erbB4 expresing through the developing molecular layer ( Figure 1A) . sion by the glial cells was maintained in vitro for at By P12, most of the labeled cells are in the IGL. By P19, least three passages. Astroglial cells respond to acute NRG immunoreactivity is restricted to the IGL and is application of NRG with the induction of tyrosine phosmostly absent from the superficial layer of the cerebellum. phorylation of p185 ( Figure 3A ) and the phosphorylation Examination at high magnification showed that NRG of the transcription factor CREB in serine 133 ( Figure  immunoreactivity is concentrated in the cell body of 3B). These results indicate that, for a few days in vitro, the premigratory and migratory cells ( Figure 1C ). These cerebellar cells maintain the same pattern of NRG and results were identical using anti-NRG antibodies dierbB4 expression seen in the developing cerebellum, rected either to the extracellular domain or to the intraallowing us to test whether NRG signaling mediates cellular domain, suggesting that NRG may be expressed some of the neuronal effects on the glial cells in vitro. as a transmembrane protein in granule cells. The expression of NRG in the developing cerebellum was confirmed by western blot ( Figure 2C ). In the adult, NRG expression Generation and Characterization of a Dominant-Negative erbB4 Receptor in the IGL decreases, and NRG immunoreactivity is mostly found in the molecular layer of the cerebellum, where it
To test whether NRG is the mediator of neuron-glia interactions, it was necessary to block the function of appears to be concentrated at synaptic terminals (Sandrock et al., 1995) . The same pattern of expression was neuronal NRG. For this purpose, we developed a dominant-negative erbB4 receptor (DN-erbB4) lacking most observed by in situ hybridization (Corfas et al., 1995) .
We also analyzed the expression of the erbB receptors of the intracellular domain, including the tyrosine kinase domain and the tyrosine phosphorylation sites. Transby immunohistochemistry, Western blot, and in situ hybridization. We found that, of all the NRG-receptors, fection of this plasmid into COS cells resulted in the expression of a protein of the expected molecular weight erbB4 is most abundantly expressed in the developing cerebellum. Double labeling with erbB4 and GFAP anti-(130 kDa) ( Figure 4A ). Upon NRG binding, erbB receptors form homo-and heterodimers and become active. We bodies showed that erbB4 is expressed only in the Bergmann glia cells, where it is mostly concentrated in the therefore hypothesized that expression of DN-erbB4 should block the activation of all NRG receptors, i.e., glial fibers, with staining in the cell bodies being much erbB2, erbB3, and erbB4. To test this hypothesis, we receptor signaling in transfected cells. We could then use DN-erbB4 to test the role of NRG in the interactions used the L6 and C2C12 muscle cell lines, which mostly express erbB2 and erbB3 receptors (Corfas, unpub- between granule cells and astroglia.
As a first step, we tested whether DN-erbB4 could be lished data). We established stable muscle cell lines expressing DN-erbB4 and confirmed by immunofluoresefficiently expressed in primary cultures of cerebellar astroglia. We transfected primary cerebellar astroglial cence that the protein was expressed. The immunoreactivity was localized to the cell surface, suggesting that it cells with the plasmid coding for DN-erbB4 or the Green Fluorescent Protein (GFP). By immunostaining with an was expressed as a transmembrane protein (not shown, but see Figure 4C ). When these cells were treated with antibody directed to the extracellular domain of humanerbB4, we found that ‫%03ف‬ of the glial cells expressed soluble NRG, we found that expression of DN-erbB4 blocked the induction of tyrosine phosphorylation of DN-erbB4 (not shown, but see Figure 4C ). The same percentage of transfected cells was obtained using the p185 ( Figure 4B ). These results demonstrate that expression of DN-erbB4 can block the NRG-induced erbB plasmid expressing GFP (not shown). As in the muscle cells, DN-erbB4 immunoreactivity was on the cell surcells were transfected with DN-erbB4 or with a control plasmid (GFP) and kept in culture for 24 hr to allow face, suggesting that it is expressed as a transmembrane protein. Finally, we tested whether expression of expression of the transgenes. The cells were then stimulated by the addition of freshly dissociated granule cells DN-erbB4 blocked the effects of NRG on CREB phosphorylation in DN-erbB4-expressing glia. As shown in (5-10 neurons per glia) and incubated for another 24 hr. Cells were then fixed and stained with anti-human- Figure 4C , expression of DN-erbB4 in cerebellar astroglia blocked the induction CREB phosphorylation by erbB4 antibodies to detect the expression of DN-erbB4, as well as with anti-GFAP antibodies to visualize the NRG but not by serum. While serum induced P-CREB in the nuclei of 95% of the DN-erbB4-expressing cells, glial shapes. When we looked at individual glial cells in direct contact with neurons, we found that the neurons only 3% of glia expressing DN-erbB4 contained P-CREB immunoreactivity after exposure to NRG, the same level failed to induce radial glial morphology in cells expressing DN-erbB4. However, in the same cultures, cells not found in unstimulated cells. These results demonstrate that expression of DN-erbB4 blocks glial responses to expressing DN-erbB4 responded normally to neuronal contact ( Figures 5 and 6 ). Moreover, transfection of glia NRG in a specific manner.
with DN-erbB4 or the control plasmid had no effect on the morphology of unstimulated cells. The percentage NRG Is Critical for the Neuronal Induction of Radial Glia Morphology of glia in contact with neurons, and the number of neurons per glial cell was the same for DN-erbB4-expressSince granule cells cause astroglia to adopt a radial morphology (Hatten, 1985) , we tested the ability of DNing cells and control cells, suggesting that cell adhesion was not affected (not shown). These results indicate erbB4 to block this neuronal effect. Cerebellar astroglial that erbB receptor signaling in the glia is critical for the granule cells is responsible for the morphological change in the glia, which is the initial event leading to neuronal induction of radial glial morphology.
We then tested whether NRG alone could mimic the neuronal migration. Moreover, they demonstrate that NRG is necessary and sufficient for the induction of glial effects of neurons on glial morphology. Astroglia were stimulated for 24 hr with soluble EGF-like domain of morphological change. NRG (1 nM), and the morphology of the glia was analyzed after fixation. This treatment caused a dramatic morpho-
DN-erbB4 Expression Impairs the Migration of Granule Cells along Glial Fibers logical change in the glia similar to that induced by neuronal contact (Figure 5). The percentage of cells with
The results described above show that NRG-erbB receptor signaling is important for the early neuron-glia radial morphology was the same whether the glia were treated with NRG or were in contact with neurons (Figure interactions that lead to neuronal migration. We wanted to test whether these signaling events are also important 6). The effects of NRG on glia morphology were completely blocked by expression of DN-erbB4 in the glia for later stages in the migration program. Since granule cell migration in vitro only occurs along the radial glial ( Figure 6 ). These results show that NRG produced by processes (Edmondson and Hatten, 1987) , we needed over control glia, both untransfected and transfected with the empty vector, was identical to that described to monitor the movements of granule cells along the radial processes of DN-erbB4-expressing glia. Even by others (Edmondson and Hatten, 1987) . Most cells moved along the radial fibers, and the average speed though expression of DN-erbB4 resulted in a reduction in the number of radial glia cells, a certain percentage of migration was 27.5 Ϯ 1.8 m/hr (n ϭ 49) ( Figures  7A and 7C ). However, most neurons attached to radial of unstimulated glia already possess radial processes, both in the control group as well as cells expressing DNprocesses of DN-erbB4-expressing glia failed to move significantly (Ͼ10 m/hr) during the time of examination. erbB4 ( Figure 6 ). This basal level of glial morphological differentiation allowed us to test the importance of erbB
The average speed of migration for these cells was 15.9 Ϯ 2.0 m/hr (n ϭ 31) ( Figures 7B and 7C ). The receptor signaling in the movement of neurons along radial glial processes.
differences between the speed of migration were highly significant (P Ͻ 0.0001). All neurons located along radial Glial cells were transfected with the plasmids expressing DN-erbB4 and GFP. Under the conditions used, we glia expressing DN-erbB4 moved at least a few microns during the period of recording, suggesting that blocking found that all glial cells expressing GFP also expressed DN-erbB4. As controls, we used untransfected glia or erbB receptor signaling in glia does not result in a complete immobilization of the neurons, but rather in a reglia transfected with pcDNA3 and GFP plasmids. Twentyfour hours later, freshly dissociated granule cells were duction of neuronal migration. added, and the cells were cocultured overnight. Then, radial glial cells that expressed GFP and had neurons Discussion positioned on their radial processes were identified, and the movement of the granule cells along these radial
Our results demonstrate that NRG-erbB receptor signaling is critical for the neuron-glia interactions that lead processes was monitored by time-lapse microscopy ( Figure 7) . When the behavior of granule cells on glia to neuronal migration. This represents the first example of a ligand-receptor pair required for the complex proexpressing DN-erbB4 was compared to the control cells, we found that expression of DN-erbB4 led to a dramatic cess of neuronal migration.
We have shown that NRG and erbB receptors play a effect on neuronal migration. The behavior of neurons in the developing cerebellum. Another role for NRG in the interactions between granule cells and Bergmann glia may be in the elongation of the Bergmann glial fibers since these cells become longer as the cerebellum becomes larger. Unfortunately, the role of NRG and erbB receptors in neuronal migration in vivo has not been tested by the inactivation of these molecules by homologous recombination in mice, since knockout animals die due to heart defects at E10.5, before neurogenesis and neuronal migration (Meyer and Birchmeier, 1995; Gassmann et al., 1995; Lee et al., 1995; Kramer et al., 1996) . The role of these molecules could be tested either by tissue-specific NRG and erbB receptor knockouts, or by expressing the dominant-negative erbB4 receptor in a tissue-specific manner.
Our data suggest that neuronally produced NRG acts on the glial cells, inducing glial differentiation events that are necessary for the subsequent movement of neurons along glial processes. This could be mediated are important for migration.
Another mechanism by which NRG-erbB receptor sigcrucial role in at least two steps of the migration pronaling could regulate neuronal migration is the activation gram. In the early stages of the migration program, NRGof a program of cell-cell reciprocal interactions between erbB receptor signaling is required for the neuronal inglia and neurons. For example, NRG may induce the duction of radial glia morphology; in the later stages, expression of a glial gene that contributes to the generaerbB receptor signaling in the glia appears to be essention of a retrograde signal, which then acts back on the tial for the movement of the granule cells along the radial neurons, inducing further steps of the migration proglial fibers. The latter was demonstrated by showing that gram. NRG has been shown to be involved in such intermost neurons positioned on glial fibers, which would actions in the peripheral nervous system. In developing normally migrate, failed to move when the radial glia sympathetic ganglia, NRG produced by neuroblasts express DN-erbB4. These results indicate that NRGpromotes the expression of NT-3 by neighboring cells, erbB receptor signaling is also important for a step in which then promotes neuroblast survival and differentianeuronal migration that occurs subsequent to the induction (Verdi et al., 1996) . A similar regulatory loop has been tion of radial glia morphology. Moreover, these findings proposed to take place at the developing neuromuscular demonstrate the important contribution of glia to the junction. Several growth factors that are expressed by migration process. It is not sufficient for a glia to be skeletal muscle cells (BDNF, NT-3, NT-4, and GDNF) radial to support migration, but other more subtle differinduce NRG expression in spinal cord motoneurons entiation events must underlie the ability of glial fibers (Loeb and Fischbach, 1997) . Motoneurons, through to promote neuronal movement.
NRG activation of muscle erbB receptors, would in turn The pattern of expression of NRG and erbB4 in the induce the maturation of the neuromuscular junction. developing cerebellum indicate that these molecules It seems likely that participation in reciprocal cell-cell may play a role in neuronal migration in vivo. In the signaling loops may be a central feature of NRG's funcdeveloping mouse cerebellum, morphologically distinct tion in the developing nervous system. Bergmann glia appear at E15 (Del Cerro and Swarz, Our finding that NRG plays a critical role in mediating 1976), 2 days later than the arrival of the granule cells' neuronal migration in the cerebellum may be relevant precursors to the surface of the developing cerebellum to neuronal migration in other regions of the developing at E13 (Hatten et al., 1982) . Moreover, we have observed nervous system. We have found that in the developing NRG mRNA in the superficial layers of the embryonic cortex, neuronal precursors express NRG while radial (E14) cerebellum (Corfas, unpublished data). Therefore, glial fibers contain erbB4 (Mason and Corfas, unpubit is possible that granule cell-derived NRG may be inlished data). Therefore, NRG-erbB receptor signaling may play a role in neuronal migration in the developing volved in the initial formation of Bergmann glial fibers cortex. However, the role of NRG in the interactions astrotactin appear to have overlapping functions, the pattern of expression of these molecules is notably difbetween cortical neuronal precursors and radial glia may be somewhat different than that in the cerebellum. ferent: astrotactin is expressed only by postmitotic granule cells (Zheng et al., 1996) , while NRG is expressed While we found that NRG induces cerebellar astroglia to become radial, Hunter and Hatten (1995) showed that earlier in all cells in the EGL. This suggests that NRGerbB receptor signaling acts earlier than astrotactin in cortical astrocytes acquire radial glia identity in response to a yet unidentified factor, but not in response the migration program. It is plausible that activation of erbB receptors in glia leads to the expression of an to NRG.
Other proteins expressed by granule cells are likely astrotactin receptor. Alternatively, glia, in response to NRG stimulation, could produce a factor that may then to work together with NRG to induce the neuronal migration program. Astrotactin, like some forms of NRG, is a in turn stimulate the granule cells to produce astrotactin. The mechanisms by which activation of erbB receptransmembrane protein expressed by migrating granule cells. Disruption of astrotactin function leads to the inhitors lead to neuronal migration are still not defined. However, it is likely that specific intracellular proteins may bition of glial process extension and to decreased rates of neuronal migration along glial fibers (Edmondson et underlie the effects of NRG-erbB receptor signaling on migration. Grb7, an SH2 domain protein, has been al., 1988; Fishell and Hatten, 1991) , an effect that appears to be secondary to its effects on adhesion (Stitt shown to bind tightly to erbB2 (Stein et al., 1994) . Interestingly, the central domain of Grb7, a stretch of Ͼ300 and Zheng et al., 1996) . While NRG and attachment; the flask was rinsed and left in the same medium. Astroamino acids, is highly homologous to the F10E9.6/ glial cells were used for no more than two passages.
mig-10 C. elegans gene, which is involved in neuronal
For granule cell cultures, the cells were resuspended in BME with migration (Manser and Wood, 1990; Wadsworth and 10% horse serum, 5% fetal bovine serum (FBS, GIBCO BRL), 2 mM Hedgecock, 1996) . Thus, it is possible that Grb7 or other L-glutamine, 100 U/ml penicillin-100 g/ml streptomycin, and 0.9% members of the Grb family are involved in the NRG glucose. Cells were then preplated in 100 mm tissue culture dishes (Corning) coated with 25 g/ml poly-D-Lysine three times for ‫1ف‬ hr induction of neuronal migration in vertebrate cells. heparin-binding EGF-like growth factor stimulates che-L6 and COS-7 cells were cultured in DMEM supplemented with motaxis of NIH 3T3 cells overexpressing erbB4 but not 10% FBS, 2 mM L-glutamine, and 100 U/ml penicillin-100 g/ml in cells overexpressing the EGF receptor (Elenius et al., streptomycin. C2C12 cells were grown in the same medium as above 1997). NRG also induces chemo-invasion and chemobut with 20% FBS. For C2C12 differentiation cells, the medium was changed to DMEM with 5% horse serum. All cells were incubated taxis of SKBr-3 breast cancer cells that overexpress at 37ЊC with 5% CO2 and 100% humidity.
erbB2 (Staebler et al., 1994) . It has been suggested that erbB2 may regulate cell adhesion through its associa- conjugated anti-mouse secondary antibodies using NBT/BCIP as substrate (see Figure 4C ; Boehringer Mannheim) for 1 hr at room temperature.
Experimental Procedures
Cells in culture were immunostained following basically the same procedure after fixation with 4% paraformaldehyde in PBS at room Cell Culture temperature for 20 min. For the P-CREB visualization, a biotinylated Primary astroglial and neuronal cells were purified from P5-P7 rat horse anti-mouse IgG (HϩL) (Vector) and the avidin-biotincerebella (Sprague Dawley, Charles River) as described by Hatten peroxidase complex (ABC Elite, Vector), with 3, 3Ј-diaminobenzidine (1985) with a few modifications. Briefly, the cerebella were excised, as a peroxidase substrate were used. and the meninges were removed in ice-cold Dulbecco's phosphate-
The tissue sections and cells in culture were mounted with Vectabuffered saline (PBS, GIBCO BRL), under a dissecting microscope.
shield mounting medium (Vector). Photographs were taken using The tissue was cut into small pieces and incubated in 1% trypsin the following microscopes: Nikon Microphot-FXA, Nikon Optiphot-2, (Sigma) and 0.1% deoxyribonuclease I (DNase, Worthington) in PBS Olympus 1X70, or a OZ confocal microscope (Noran Instruments). for 10 mins at 37ЊC. After centrifugation, the pellet was triturated
The following primary antibodies were used: rabbit anti-NRG 1310 using successively decreasing bore size fire-polished glass Pasteur (Burgess et al., 1995 ), 1915 (Sandrock et al., 1995 , HM94 (a rabbit pipettes, in Hanks' Balanced Salt Solution with Ca 2ϩ and Mg 2ϩ antibody raised against a 27 amino acids peptide corresponding to (HBSS, GIBCO BRL) and 0.1% DNase. The suspension was applied aa 61-87 within the Ig domain of chick ARIA; Loeb, unpublished to a cold two-step gradient of Percoll (35%-60%, Pharmacia Biodata), HM209 (a rabbit antibody raised against the entire extracellutech) in PBS. After a 3000 rpm centrifugation (Sorvall RT 6000B) at lar domain of human NRG; Khurana, unpublished data), rabbit anti-4ЊC for 10 min, the astroglia are at the top of the gradient, and erbB4 0615 (Zhu et al., 1995) , rabbit anti-erbB2 (C-18), anti-erbB3 the neurons are in the 35%-60% interface. The cell fractions were (C-17), rabbit anti-erbB4 (C-18) (Santa Cruz Biotechnology), mouse recovered and washed once in PBS and twice in BME.
anti-human erbB4 (H4.77.16, NeoMarkers), rabbit anti-P-CREB (Ginty For glia cultures, the cells were resuspended in Basal Medium et al., 1993) , mouse anti-Glial Fibrillary Acidic Protein (Boehringer Eagle (BME, GIBCO BRL) with 10% horse serum (Sigma), 0.1% Mannheim), rabbit anti-Glial Fibrillary Acidic Protein (Dako), and the glucose (Sigma), 2 mM L-glutamine (GIBCO BRL), and 100 U/ml MAb Q600, a granule cell-specific antibody (Gravel et al., 1987) . penicillin-100 g/ml streptomycin (GIBCO BRL). Cells were preplated for 45 min on an uncoated 75 cm 2 flask to remove contamiRecombinant NRG nating fibroblasts, and transferred to a 75 cm 2 flask coated with 25 Recombinant EGF-like domain of rat NDF␤1 (NDF␤1[177-246]) was used in all experiments. g/ml of Poly-D-Lysine (Collaborative) for 1 hr to allow astroglial
Transient and Stable Transfections
was calculated as the average rate of migration during the duration of the experiment. Cells in culture were trypsinized and electroporated with 20 g of plasmid DNA with an Electro Cell Manipulator 600 (BTX, 1050 F, 280 V, 125⍀) in 4 mm gap cuvettes with 400 l of HEPES-buffered Acknowledgments saline pH 7.3. Cells were incubated at 37ЊC in 10 ml of tissue culture medium for 30 min, changed to fresh medium, and plated. To obtain
We thank Amgen for providing NDF, the full-length erbB4 clone, stable L6 cell lines expressing DN-erbB4, clones were selected and and the antibodies 1310 and 1915; Cari Lai for 0615 antibody; Jeffrey maintained in media with G418 (500 g/ml, GIBCO BRL). C2C12
Loeb and Gerald Fischbach for the HM94 antibody; Tejvir Khurana cells were cotransfected with DN-erbB4 and a plasmid encoding a and Gerald Fischbach for the HM209 antibody; Tom Roberts and puromycin resistance gene (pBabe Puro; Morgenstern and Land, Fred King for the 4G10 anti-phosphotyrosine antibody; Richard 1990). Clones were selected and maintained in medium with puroHawkes for the Q600 antibody; and Nadia Rosenthal for the C2C12 mycin (2 g/ml, Sigma). Positive clones were selected by immunocycells. We are also grateful to Michael Greenberg for his comments tochemistry with the anti-FLAG M2 antibody (Eastman Kodak Comon the manuscript and the anti P-CREB antibody; Scott Pomeroy pany) and with an anti-human erbB4 (H4.77.16, NeoMarkers).
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